Recently there is a worldwide trend to transform the heavy troops into more agile and deployable forces. These forces are based on light armored multi-wheeled combat vehicles which are demanding several challenging requirements. Furthermore, the design of suspension system of these vehicles is complex and should provide several conflicting issues such as higher mobility and cornering stability whilst maintaining a sufficient ride comfort for the crew. This paper presents a comprehensive investigation of the ride response of a typical combat vehicle in pitch-bounce plan under the effect of random road excitation. A set of mathematical passive suspension models for the vehicle with different configurations including two-axle, three-axle and four-axle are derived. The numerical simulation is carried out through the MATLAB/SIMULINK environment which aids the future development of controllable suspension systems. The ride responses of the vehicle is obtained and analyzed considering the vibration isolation, suspension deflection, and road-holding. The results show an improvement in the responses of vehicle body vertical acceleration, pitch acceleration and dynamic tire load using four-axle vehicle configuration over three-axle and two-axle ones.
Introduction
The multi-wheeled all-terrain armored vehicles used in transporting troops need several conflicting requirements such as high stability, comfort ride and road-friendly interaction [1] .This type of vehicles is characterized by relatively higher weight and normally driven at higher speed over rough terrains [2] . Additionally, improving ride performance enables the driver to either has a more comfortable ride, and thus be able to drive for longer time and distance or to drive faster at the same level of discomfort [3] . Conventional suspension systems offer a trade-off between ride comfort and vehicle handling, and their performance is often limited by this compromise. Good design of a passive suspension cannot eliminate this trade-off, but can improve ride comfort and vehicle stability [4] . The modeling of a passive and semi-active multi wheeled off-road vehicle has been researched widely by several authors [3, 5] . Waleed Faris [6] proposed a three mathematical multi-axles semi-active suspension models namely; 2-axle, 3-axle, & 4-axle. Results show an improvement in ride comfort and vehicle handling using 4-axle over 3-axle and 2-axle when emphasis is placed on the response of the vehicle body acceleration, suspension displacement and tire deflection.
In this paper, three mathematical models of a passive suspension system for two, three and four-axle armored vehicles are developed in MATLAB/SIMULINK environment. A typical 14 ton gross vehicle weight (GVW) armored vehicle, shown in Fig. 1 , is used as a case study in this work. The total suspension stiffness & damping for the three different models are considered to be equal. For brevity, only the mathematical model for a four-axle armored vehicle is described here; while the two & three-axle models are not. 
Model Description
The multi-wheeled combat vehicle is represented by a mathematical model of total six degrees of freedom (6-DOF) in order to investigate its ride response in pitch-bounce plan as shown in Fig. 2 ). The tires are contacted with the load at points which are the sources of the vehicle excitation. The equations of motion for this model can be obtained directly using Newton or Lagrange principles in the following form: The equations of motion representing the vehicle body are written as follows: 
The equations of motion representing un-sprung mass vertical dynamics are written as follows: 
According to equation (1) the system motion dynamics can be rewritten in matrix considering the following matrices: 
The vehicle parameters which are used for this paper are given in table (1), see Appendix-A.
Random Road Excitation
Road surface irregularities can be represented by several waveforms such as sinusoidal, triangular, step input or random roads. These forms are applied to the wheels as a disturbance from ground and the vehicle body response can be evaluated either in time or frequency domains [7] . In this paper, the random road profile is expressed by equation (8) 
Results and Discussion
It is commonly recognized that, the dynamics of both sprung and un-sprung masses greatly affects both the ride and handling. Higher vertical sprung mass acceleration and displacement affect the ride comfort while higher un-sprung mass displacement affects the vehicle stability. To improve vehicle stability wheel contact forces must be increased [10] . In this paper, three models are developed to investigate the effect of the number of axles on the ride response. These models are implemented in MATLAB/SIMUINK environment and the results are compared. The total spring stiffness and damping coefficient of the suspension systems are equal in each model.
Vehicle Body Ride Comfort
The variation of the power spectral density of the vertical acceleration of the vehicle body for different number of axles is shown in Fig. 4 . The forces generated by road surface irregularities (bumps) must be overcome by the springs in order to keep tires in contact with the road. The force of the springs comes from the compressive load imposed by the weight of the vehicle. The lighter the vehicle, the less compressive force is available, and the easier it is for the vertical motion of the wheels to overcome the inertia of the sprung mass and the transfer vertical & pitch motions to it as well. It should be noted that increasing the number of axles reduces the total sprung mass weight; therefore the four-axle vehicle has the lightest sprung mass weight than the three and the two-axle vehicle. As a result for what mentioned above, the four-axle vehicle is greatly improves the body vertical acceleration and consequently its ride response. Referring to table (2) and in comparison with the vehicle with two axles, the four-axle model reduces the vehicle body vertical acceleration by 19% while the three-axle model reduces the vehicle body vertical acceleration by 18%. The pitching oscillation of the vehicle body has a large influence on ride comfort. The result of analytical investigation of the pitching response for different number of axles is shown in Fig. 5 . The depicted results confirm that increasing the number of axles greatly improves the body pitch acceleration and consequently its ride response. There are 27.8% and 23% improvements in root mean square values for the four and three axle vehicle respectively over the two axle vehicle, also there is 4.8% improvement in root mean square value for the four axle over the three axle vehicle as illustrated in table (2) in Appendix-A. It is clear from the obtained results that, a significant vehicle body ride improvement in terms of vertical acceleration and pitch angular acceleration has been gained for the 4-axle compared to 3-axle and 2-axle. It should be noted that, the obtained results agree with the findings in [6] . 
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Tire Dynamic Load (DTL)
Tire Dynamic Load (DTL) is an important measure for vehicle performance and cornering stability. Higher DTL indicates poor conditions to maintain the desired vehicle stability. It can be noted from Fig. 6 and Fig. 7 that, the tire dynamic load in both front and rear axles tires is reduced when the vehicle axles are increased and this is because increasing the vehicle number of axles means increasing of the suspension damping. Large suspension and tire damping are both reduce vehicle dynamic tire load. The root mean square of the tire dynamic load is improved by 24% and 12.9% for the vehicle with four and three axles respectively compared to that of the vehicle with two axles as shown in table (2) . As a result, further improvements are expected in the traction, braking, and the lateral stability of the vehicle. The dynamic tire load for the middle axle of the vehicle with 3-axle and the second front axle of the vehicle with 4-axles is shown in Fig. 8 . It is clear that, the middle axles have a smaller dynamic tire load than that of the front and rear axles, see Fig. 6 and Fig. 7 . 
Suspension Working Space (SWS)
Suspension working space is a main design parameter which is mainly dependent on the spring softness and consequently affects the ride comfort. In practice, the working space must be restricted according to the vehicle type and layout. Fig. 9 and Fig, 10 show that, the suspension working space of the vehicle with two-axle is significantly less than the of the Three axles Four axles vehicle three and four axles. It is commonly recognized that the ride comfort can be improved at the expense of the suspension working space. 
Conclusion
The quality of the ride response of a typical multi-wheeled combat vehicle is assessed in a pitch-bounce plane considering passenger discomfort, dynamic tire load, and suspension working space parameters. Different choices of the number of axles are made in order to map their effect on the ride comfort and vehicle stability. The results show an improvement in ride comfort and vehicle stability using four-axle vehicle model over three-axle and two-axle models. Also it is clear from results that the middle axle in three-axle and four-axle vehicle have a smaller suspension working spaces than front and rear axles because they are close to the vehicle body C.G, also they have a smaller dynamic tire loads compared with the front and rear axles. 
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